Quantifying the effects of coal mining subsidence on soil quality is critical for developing sustainable strategies in the local agriculture. The objective of this study was to assess the effects of slope position because of coal mining on soil quality using principal component analysis. Soil samples were collected from five positions in the subsided farmland: Top slope position (1), upper slope position (2), middle slope position (3), lower slope position (4), and bottom position (5). Samples from an adjacent non-subsided farmland (CK) were used as a reference. For each soil sample, 21 different physical, chemical and biological attributes were investigated. The principal components analysis (PCA) identified the bulk density (BD), salinity, organic matter (OM) content, urease enzymatic activity (UA), actinomycete quantities (AQ), polyphenol oxidase enzymatic activity (POA) and phosphatase enzymatic activity (PA) as the most sensitive indicators in a minimum data set (MDS) to assess the soil quality. The soil quality index (SQI) was highest for positions 5 (1.220), 4 (1.203), CK (1.101), 1 (1.093), 3 (1.080), and 2 (1.044). Positions 5 and 4 had higher SQI values but lower crop yields than CK, which suggests that higher SQI does not represent higher production, and other soil quality indicators, which were not investigated in this study, had stronger effects on the crop productivity. Overall, the slope position because of coal mining subsidence strongly affected the soil quality and crop yields.
INTRODUCTION
Although renewable energy sources are attracting increasingly more attention, coal will continue to play an important role in satisfying the global demand for energy. The world production of coal is approximately 3.5 × 10 9 t yr -1 , most of which is used to produce 38% of the world's electricity, and coal is an important energy resource for steel, cement and thermal power plants (Ram and Masto, 2010; Mukhopadhyay et al., 2016) . China has the largest production and consumption of coal in the word, and approximately 95% coal is obtained by underground mining (Bian et al., 2010; Wang et al., 2014) . This mining method causes land subsidence, which destroys soil structure, changes its properties, and causes eco-environmental damages such as reduction in crop yields, restriction of vegetation growth, soil erosion, changes in topographic and hydrologic conditions, and loss of agricultural land and top soil (Meng et al., 2009; Yang et al., 2016; Shi et al., 2017; Wang et al., 2017) . The effects of mining subsidence on agricultural land have been documented in many countries such as the USA (Darmody et al., 2014) , Australia (Lechner et al., 2016) , India (Tripathi et al., 2009) , and China (Meng et al., 2012; Shang et al., 2016) . These studies mainly focus on the damage of the surface and subsurface drainage, change of soil physico-chemical and biological characteristics, soil erosion and reduction of crop yields.
Many studies concluded that topographic factors such as the slope position can significantly affect the crop productivity (Wezel et al., 2002; Grant et al., 2016) , soil aggregation (Zou et al., 2015) , soil water flow (Miller and Chanasyk, 2015) , transformation of soil C and N (Tang et al., 2010; Hishi et al., 2014) , and soil nutrient variability (Gou et al., 2015; Zhang et al., 2016) . We hypothesize that the change in topographic conditions such as the slope position after mining subsidence can be hazardous and alter the soil properties and crop yields. However, until now, little is known about the effects of the slope position because of coal mining subsidence on soil quality.
Soil quality can be integrated from the soil physical, chemical and biological indicators and is defined as "the capacity of a soil to function, within land use and ecosystem boundaries, to sustain biological productivity, maintain environmental quality, and promote plant, animal and human health" (Liu et al., 2014) . There are many methods to evaluate the soil quality, such as the soil quality index (SQI), which directly originates from the necessity of a science-based tool to measure soil quality and is perhaps the most common method because of its simplicity and quantitative flexibility (Armenise et al., 2013; Gong et al., 2015; Yu et al., 2018) . Numerous studies concluded that the soil indicator values can be assimilated into a quantifiable SQI to show the soil quality using the principal component analysis (PCA) (Sharma et al., 2005; Mandal et al., 2008; Armenise et al., 2013; Gong et al., 2015; Mukhopadhyay et al., 2016; Nabiollahi et al., 2017) .
The objective of the present study was to assess the soil quality based on 21 different physical, chemical and biological attributes, and calculate the SQI values to quantify the effects of mining subsidence on the agricultural soil quality, which varies with the slope position, using PCA. 
MATERIALS AND METHODS

Study area
This study was conducted at the farmland of Hanwang coal mine (Figure 1 ), located in Macun district of Jiaozuo city (35°10'-35°21' N, 113°04'-113°26' E), northwestern Henan Province, China. Jiaozuo City is well known for its energy, such as coal chemistry industries, and is a medium-sized city with a total area of 4071 km 2 and a population of 3.6 million.
It has a warm continental monsoon climate with an average annual temperature of 14 ºC, a mean annual rainfall of 658 mm, and an annual evaporation of 2039 mm. The production of raw coal in Jiaozuo city is approximately 5 million tons per year during the past decades. Consequently, this coal mining activity results in land subsided area of about 70 km 2 , soil quality damage and crop yields reduction. The effects on the sustainable development of agriculture for local inhabitant are rather adverse.
The specific study area was located in the farmland; this once-fertile farmland has produced low yields because of decades of coal mining subsidence. The altitude was approximately 115 m, and the topography was changed from a flat land to a plate-shaped basin with the area of 2 km 2 . The angle of the slope is nearly 8°, and the largest subsided depth is approximately 12 m. The seasonal crop was wheat (Triticum aestivum L.) or corn (Zea mays L.)
Soil sampling
The soil samples were collected from five positions in the subsided farmland: Top slope position (1), upper slope position (2), middle slope position (3), lower slope position (4), and bottom position (5) (Figure 1) . At each position, three replicates of soil samples were taken from 0-20 cm depths, and each replicate was composed by mixing five random samples. Reference soil samples (CK) were collected from the nearby non-subsided farmland at Daiwang town. To analyze the quantities of bacteria, fungi and actinomycete in the soils, the samples were taken in ice boxes, transported to the laboratory, and stored at 4 ºC until their analysis. For other physical, chemical and enzymatic analyses, a portion of the sample was air-dried for 7 d, sieved with a 2-mm screen, mixed and stored in sealed plastic bags.
Soil analysis
Contents of bulk density (BD), salinity, pH, cation exchange capacity (CEC) and organic matter (OM) were determined using the metal-core sampler method, mass method, pH electrodes in soil/water (1:5) suspension, sodium acetate extraction method and dichromate oxidation technique, respectively (Lu, 2000) . Contents of ammonium nitrogen (AN), nitrate nitrogen (NN), total N (TN), available P (AP), total P (TP), available K (AK), and total K (TK) were measured with potassium chloride extraction, phenol disulfonic acid reaction, acid digestion, dicarbonate extraction, sodium hydroxide fusional, ammonium acetate extraction and sodium hydroxide fusional methods, respectively (Bao, 2000) .
The quantities of bacteria (BQ), fungi (FQ) and actinomycete (AQ) were determined by serial dilution and colony counting (Lin, 2010) . The enzymatic activities of urease (UA), sucrase (SA), phosphatase (PA), dehydrogenase (DA), catalase (CA), and polyphenol oxidase (POA) were measured using carbamide as the substrate, glucose as the substrate, potassium ferricyanide oxidation, reduction of 2,3,5-triphenyltetrazolium chloride (TTC), potassium permanganate as the titrant and pyrogallic acid as the substrate, respectively (Guan, 1986 ).
Soil quality index (SQI)
To determine the SQI values, three main steps were required: Selecting a minimum data set (MDS) of indicators that best represented soil function; assigning scores for the MDS indicators based on their performance of soil function; integrating the indicator scores into an index of soil quality.
To select an MDS, we can select few important indicators, which should be sensitive and well related to coal mining subsidence and depend on the PCA results. The principal components for a data set are defined as linear combinations of variables that account for the maximum variance in the set by describing the vectors of the closest fit to n observations in the p-dimensional space; the vectors are orthogonal to one another (Andrews et al., 2002) . While there are many documented strategies for using PCA to select a subset from a large data set, the way used in this paper is similar to that described by Sharma et al. (2005) . The principal components with higher eigenvalues and the variables with higher factor loading were assumed to be variables that better represented the system attributes. Thus, only the principal components with eigenvalues greater than 1 (Mandal et al., 2008; Mukhopadhyay et al., 2016) and those that explained at least 5% of the variation in the data (Nabiollahi et al., 2017) were selected.
In each principal component, each variable is given a weight or factor loading that represents the contribution of that variable to the composition of the principal component. Only the highly weighted factors were retained for MDS, where the highly weighted factors were defined as those with absolute values within 10% of the highest factor loading. When more than one factor was reserved under a single principal component, Pearson's correlation coefficients were used to reduce redundancy among the highly weighted variables and determine whether the variables could be considered redundant and eliminated from the MDS (Andrews et al., 2002; Yu et al., 2018) . The variable having the highest factor loading was considered for the MDS, while the significantly correlated variables were considered redundant and only one was considered for the MDS. The absolute values of the correlation coefficients were summed to choose variables within well-correlated groups for these variables. We assumed that the variable having the highest correlation sum since it is most generally related to the other variables and is considered to best represent the group, and the variable having the lowest correlation sum because of their implied relative independence was equally important. The remainder was eliminated from the data set. If the highly weighted variables were not correlated, each was considered equally important and retained in the MDS.
The SQI values were calculated for each observation using the following equation:
where Si is the score for the variable in the MDS, and Wi is the weighing factor derived from the PCA results. The values of S for each observation in the MDS were transformed using a linear scoring method (Andrews et al., 2002; Marzaioli et al., 2010) . The indicators were qualitatively grouped into "good" or "bad". A "good" indicator improved the soil quality, and a "bad" indicator deteriorated the soil quality. For a "more is better" indicator identified as "good", the observation with the highest value was assigned a score of 1, and the scores for the remaining observations of this indicator were calculated as the ratio of their observation values over the highest observation value, and these scores are less than 1. For a "less is better" indicator identified as "bad", the observation with the smallest value was assigned a score of 1, and the scores for the remaining observations of this indicator were calculated as the ratio of the lowest observation value over their observation values, and these scores are less than 1. So we used "more is better" functions for soil nutrients and biological properties, and "less is better" functions for BD and salinity because of the damage effect on soil quality. Soil pH was evaluated using an "optimum" curve, but we applied it as a "less is better" indicator because the soil is weakly alkaline in the study area.
After the scores were assigned, the values of W were calculated from the PCA results using the methods of Sharma et al. (2005) . Each principal component explained a certain amount (%) of the variation in the total data set. This percentage, which is divided by the total percentage of variation explained by all principal components with eigenvectors larger than 1, provided the weighted factor for the variables that were selected under a given principal component. Having determined the values of W and S, the SQI values for each soil in the different slope position were then calculated according to Equation [1] . Furthermore, the percent contribution of each final key indicator was also calculated.
RESULTS
Physico-chemical characterization
The soil physical and chemical characteristics in the study area are presented in The descriptive statistical analysis results showed a large difference between the minimum and maximum values of the soil properties, particular the soil salinity (0.22-1.12 g kg -1 ) and AP (3.90-14.11 mg kg -1 ). The soil BD, pH, CEC, OM, NN, TP, TK and AK contents had low CV values (< 15%), and soil AN and TN had moderate CV values (15%-35%). The soil salinity and AP contents had high CV values (> 35%). Overall, the descriptive statistics indicated high variability of some properties in the subsided area.
Biological characterization
The soil biological characteristics in the study area are shown in Table 2 . The quantities of bacteria, fungi and actinomycete from 1 to 5 were 9. 31-17.69, 0.08-0.16, and 5.19-9 , respectively. The soils in the subsided area contained lower average quantities of bacteria and activities of urease, sucrase, catalase, and polyphenol oxidase but higher average quantities of fungi and actinomycete and activities of phosphatase and dehydrogenase than the soils in the CK area.
The descriptive statistical analysis results show a certain difference between the minimum and maximum values of the soil properties. The soil urease, sucrase, phosphatase, catalase, and polyphenol oxidase enzymatic activity showed low CV values (< 15%), and the soil bacteria, fungi and actinomycete quantities and dehydrogenase enzymatic activity had moderate CV values (15%-35%). Overall, the descriptive statistics showed fewer variability in soil biological properties compared with the physical and chemical properties. Table 3 shows the primary five principal components (PCs). These components had eigenvalues greater than 1; together, they described 100% of the data variance. The significant loading factors (within 10% of the variation of the absolute value of the highest factor loading in each PC) are highlighted in bold characters in Table 3 . In PC1, BD was the greatest contributor to the PC as shown with the factor loading. In addition to BD, two variables (salinity and dehydrogenase activity) were considered significant. In PC2, three variables (OM, TP, and TK) were considered significant. In PC3, three variables (TN, fungi quantities, and urease activity) were considered significant. In PC4, two variables (pH values and actinomycete quantities) were considered significant. In PC5, three variables (sucrase activity, phosphatase activity, and polyphenol oxidase activity) were considered significant.
Principal component analysis
Pearson's correlation coefficients were derived for each significant variable from PC1 to PC5 (Table 4 ). In PC1, BD had the highest factor loading and was therefore retained for the MDS. Because the dehydrogenase activity in PC1 was significantly correlated with BD (R = 0.905, p < 0.05), it was excluded from the MDS. Because the salinity had the lowest correlation sum, it was included in the MDS. In PC2, OM had the highest factor loading and lowest correlation sum and was therefore retained for the MDS. Although TK had the highest correlation sum and was considered the best representative of the group, it was excluded from the MDS because it was significantly correlated with OM (R = 0.813, p < 0.05). In PC3, the urease activity had the highest factor loading and highest correlation sum and was therefore retained for the MDS. Because TN and fungi quantities were significantly correlated with the phosphatase activity (R = -0.863, p < 0.05; R = -0.953, p < 0.01), they were excluded from the MDS. In PC4, the actinomycete quantity had the highest factor loading and was therefore retained for the MDS. Because the pH value was significantly correlated with actinomycete (R = 0.973, p < 0.01), it was excluded from the MDS. In PC5, the polyphenol oxidase activity had the highest factor loading and highest correlation sum and was therefore retained for the MDS. Because the phosphatase activity had the lowest correlation sum, it was included in the MDS. Hence, the final MDS consisted of BD, salinity, OM, urease activity, actinomycete quantities, polyphenol oxidase activity and phosphatase activity.
Soil quality index
The SQI for 1-5 and CK soils was calculated using Equation [1] . The S value in Equation [1] was obtained using a linear scoring method, and each variable had a score between 0 and 1. For BD and salinity, which are considered bad indicators, the 5 soil had the lowest value and was assigned a score of 1. For OM, which is considered a good indicator, the CK soil had the highest value and was assigned a score of 1. For phosphatase and polyphenol oxidase, which are considered good, the 1 soil had the highest value and was assigned a score of 1. For actinomycete, which is considered good, the 4 soil had the highest value and was assigned a score of 1. For urease, which is considered good, both 2 and CK soils had the highest value and were assigned a score of 1. After the score of 1 for the variable was assigned, the scores of BD, salinity, OM, urease activity, actinomycete quantities, polyphenol oxidase activity and phosphatase activity for each soil at different slope positions were derived using the method described in the soil quality index (SQI) section. The W value in Equation [1], which was generated by the PCA, was obtained by dividing the percent of variation in the data set, which was interpreted by each PC that contributed the indicated variable(s), by the total percentage of variation, which was explained by all PCs with eigenvalues larger than 1. For BD, salinity, OM, urease activity (UA), actinomycete quantities (AQ), polyphenol oxidase activity (POA) and phosphatase activity (PA), the W values were 0. 244, 0.244, 0.242, 0.217, 0.169, 0.132, and 0.132 Finally, the calculated SQI values were in the following order: 5 (1.220) > 4 (1.203) > CK (1.101) > 1 (1.093) > 3 (1.080) > 2 (1.044). Figure 2 illustrates the relative contribution of each indicator to the SQI. The largest contributor was BD (21%), followed by OM (19%), UA (19%), AQ (12%), POA (11%), PA (9%), and salinity (9%).
DISCUSSION
In this study, the influence of slope position because of mining subsidence on soil properties was evaluated, and the SQI was calculated to quantify the effects on soil quality using principal component analysis. Our results showed that the slope position has great effects on soil properties, which have been shown by others (Wezel et al., 2002; Tang et al., 2010; Zolfaghari et al., 2015; Zhang et al., 2016) . Wezel et al. (2002) reported that soils at the lower mid slope contained 10%-22% lower OM, N and P content compared to those at the upper mid slope positions. Zolfaghari et al. (2015) showed that the highest values of silt, OM content/clay and CEC/clay were found in the toe slope position. Unlike these studies, however, the distribution of soil properties along the slope did not have regularity in our study. The reason for this difference may be related to the slope formation process and anthropogenic activity. The studies of Wezel et al. (2002) and Zolfaghari et al. (2015) investigated the natural slope effects on soil properties in the hilly areas, whereas our study aimed at the anthropogenic slope in the mining subsidence. The slope in this study was gradually formed for decades in the mining and post-mining periods until it became stable, and its impact mechanism on soil properties is certainly different from the non-artificial slope. In addition, farmers preferred to cultivate more crops at the lower and bottom position than other sites to gain greater crop yields according to our field investigation. This preference of cropping activity can also affect and intensify the spatial distribution of soil indicators in the subsided area, which results in complicated characteristics of spatial distribution. In this study, the calculated SQI values were in the following order: 5 (1.220) > 4 (1.203) > CK (1.101) > 1 (1.093) > 3 (1.080) > 2 (1.044), and the contributions of BD and OM to SQI were substantial (Figure 2) . The SQI obviously varied with the slope position. It was mainly because the slope changed the spatial distribution of soil properties. Furthermore, more frequent and proper farming at the lower and bottom position may have positive influence on soil environment, which was likely to result in higher SQIs in the 5 and 4 than other sites. On average, BD and OM emerged as key indicators that contributed 21% and 19%, respectively, to SQI. The BD is an important physical indicator and can reflect the soil texture and degree of soil compaction, which has often been used to evaluate the soil quality (Liu et al., 2014) . Organic matter is an important part of soil and is fundamental for the soil fertility. As BD is a bad indicator and OM is a good indicator, the better soil quality could have lower content of BD and higher content of OM. Consequently, the soil 2 had the lowest SQI value because it had the highest BD and relatively low OM among all soil samples in the subsided area. In contrast, 5 had the highest SQI value because of the lowest BD and relatively high OM.
According to our field investigation, we found that the crop yields in the subsided farmland were much lower than those in the CK fields. Meanwhile, the SQI values of 5 and 4 were higher than those of CK, which suggests that higher SQI values can not represent higher crop production. This result is similar to the study of Armenise et al. (2013) . Armenise et al. (2013) reported that there was no correlation between SQI and crop yield and suggested that other indicators that were not considered in his study were more influential on the crop productivity. We agreed with this view to interpret our study because we did not consider soil trace elements in this study, which can strongly affect the soil quality and crop yields. The findings of this study are useful for understanding the effects of slope position because of coal mining subsidence on soil properties and soil quality, and are critical for developing sustainable strategies to restore the productivity of farmland.
CONCLUSIONS
In this study, the soil quality index (SQI) values were calculated to quantify the influence of slope position because of coal mining subsidence on soil quality using principal component analysis. The SQI values irregularly varied with different slope positions. It was mainly because the slope changed the spatial distribution of soil properties, and preference of cropping activity by local farmers can also intensify the distribution. Bottom position and lower slope position had higher SQI values but lower crop production than the controlled area, which showed that higher SQI values can not 
